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PREFACE

This report documents the results of USAFETAC Project 81028.  In its support assistance request, Detachment 16,
31st Weather Squadron, Zaragoza AB, Spain, asked for "an objective technique for forecasting the onset and degree
of visibility below certain specified thresholds.” Zaragoza AB (41° 40" N, 1° 3' W, clevation 263 mcters, Block
Station Number 081605) is pronc to lengthy episodes of dense fog from November through February. Zaragorza is
surrounded by mountitin ranges in all quadrants; the only opening is 10 the cast-southeast, toward Barcelona.
Visibility problems occur after Atlantic Lows and associated roughs pass through the arca and a shallow cold air

mass cstablishes itsell in the valley. Until something warms the air or forces it out of the arca, the fog becomes
progressively worse.

USAFETAC/DNY satisfied this request in two parts. The first part provided for creation of conditional climatology
tables that identify the number of hourly observations of fog at Zaragoza, stratified by certain weather variables.
The second part was a fog forecasting model based on discriminant analysis that provides an estimated probability of
a specificd visibility threshold as a function of time.

t
]

Primary project analysts were Mr Charles R. Coffin and Capt Anthony J. Warren, USAFETAC/DNY.
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1. INTRODUCTION

1.1 Purpose. Although dense fog has a significant cffeut on airficld operationis cverywhere, some locations are
more prone to the condition than others. At Zaragoza AB, Spain, for example, long periods of densc fog are
commun between November and February, and aceurate furccasts of fog onset and duration is especially important
here. To help Zaragoza weather forecasters deal with the fog problem better, USAFETAC/DNY prepared a set of
conditonal climatology tables for fog forecasting and develuped a model intended to estimate the probability of fog
during the next 3, 6, 12, and 24 hours.

1.2 Components of the Study. This study is in two parts, both of which use operationally significant visibility
thresholds of 800, 1,600, 3,200, and 5,000 meters. The first part, described in Section 2, is a sct of descriptive
statistics (conditional climatology tables) that relate the ubscrved frequency of fog to various surface-based weather
vanables such as wind speed and dew-point depression. The sceond pan describes (in Section 3) a fog forecasting
mudel based on discrimmant analysis that provides an cstimatcd probability of a specified visibility threshold as a
function of time.

1.3 Data Sources. The data used in this study included Zaragoza AB surface observations and upper-air data
from Barajas, Spain (40° 27° N, 3% 33" W, clcvation 582 meters, Block Station Number 082210). The period of
record for both datasets was January 1973 through September 1990. Barajas, 134 NM northwest of Zaragoza, is the
closest upper-air station that provides consisient data (every 12 hours). The availability of surface obscrvations from
Barajas, howevcr, is very irregular and limits its uscfulness in a forceasting model. In any case, we found litle
correlauon between Barajas and Zaragoza fog observations from the observational data that was available.




2. CONDITIONAL (FOG) CLIMATOLOGY AT ZARAGOZA AB

‘ 2.1 Frequency. Fog occurs frequently at Zaragoza between November and February. To iliustrate, Table 1
shows the monthly frequency of occurrence of fog for each of the four specified visibility thresholds. Because
Zaragoza fog is rare from March through October, we limited {usther analysis to November through February.

TABLE 1. Number of days with fog (stratified by vigibility) by month
{January 1973 - September 1990).

‘ VISIBILITY (meters)
MONTH < 800 < 1,600 < 3,200 < 5,000
January 108 132 171 190

* February 31 48 100 126
March 5 12 42 87
April 2, 6 17 50
May 2 5 12 51
June 2 3 8 32
July 1 1 5 12
August 0 0 2 24
September 2 6 23 51
October 15 25 57 101
November 64 96 131 178
December 126 147 173 212

2.2 Duration. Table 2 gives the median duration of fog cvents at Zaragoza; it shows clearly the sizc of the
Zaragoza problem. Fog often persists for several hours, even in the lower visibility ranges.

TABLE 2. Duration of fog events (hours) stratified by visibility category
and month (50th and 95th percentlle).

VISIBILITY (meters)
< 800 <1,600 < 3,200 < 5,000
MONTH 50 9 50 g 50 85 50 85
January 6 23 7 Z3 7 26 9 28
Fcbruary 3 18 319 3 14 4 17
. March 3 4 I 10 2 7 3 8
April 0 0 2 2 3 5 3 6
May 1 2 1 4 3 5 2 5
. Junc 4 7 2 8 2 9 2 6
) July 0 0 0 0 1 1 2 4
August 0 0 0 0 i 1 2 4
September 4 7 2 7 2 5 3 6
October 2 9 2 1N 2 13 4 10
November 4 22 4 2 6 22 5 24
Dccember 8 24 9 25 8 2 I 28




2.3 Relatlonships to Other Variables. Frequency of fog occurrence by visibility threshold as a function of
various other weather variables is shown in Tables 3 through 6. Table 3 is stratified by wind direction, Table 4 by
wind spced, Table 5 by dew-point depression, and Table 6 by time of day. Al these tables show that fog occurs
most often (1) between 0800 and 1000Z, (2) when winds are calm or light southeasterly, and (3) when the dew-point

depression is small.

TABLE 3. Percent Occurrence Frequency cof fog (stratitied by visibility category) as a function of

wind direction.

FOG (Vislbility Catagory in Meters)

WIND DIRECTION <800 801-1,600 1,601-3,200 3,200-5,000 25000 NOFOG
CALM 6.8 1.9 3.3 4.2 6.7 712
1-30 0.4 0.1 1.2 14 29 94.0
31-60 08 09 1.7 2.7 42 89.7
61-90 20 14 2.6 34 48 85.8
91-120 3.8 1.4 23 4.0 5.5 83.1
121-150 64 1.4 19 34 53 81.6
151-180 5.1 1.5 1.8 2.7 6.3 82.1
181-210 2.1 03 1.0 14 4.3 91.1
211-240 04 0.2 04 09 4.1 94.0
241-270 0.8 0.1 04 08 1.6 96.3
271-300 0.5 0.2 03 0.7 L7 96.7
301-330 0.3 0.1 03 0.6 1.0 97.7
330-360 02 0.1 0.2 0.5 038 98.2

TABLE 4. Percent Occurrence Frequency of fog at Zaragoza AB (stratified by visibllity category)
as a function of wind speed.

FOG (Vislbility Category In Meters)

WIND SPEED (knots) < 800  801-1,600  1,601-3,200 3,200-5000 =>5000 NO FOG
CALM 6.7 18 32 42. 69 773
i-3 32 1.1 2.1 3.1 4.9 85.7
4-6 1.7 0.7 LO 1.9 35 91.2
7-10 0.5 03 0.5 1.0 1.7 95.9
11-16 0.1 0.0 0.1 04 0.8 98.6
> 16 0.0 0.0 0.0 0.1 0.2 99.7

»




TABLE 5. Percent Occurrence Frequency of fog (stratified by visibillty category) as a function of
dew-polint depresslon.

FOG (Visibility Category in Meters)
DEW-POINT
DEPRESSION < 800 801-1,600 1,601-3,200  3,200-5000 25,000 NOFOG
0 426 6.6 72 5.5 64 318
0.1-20 125 5.0 7.1 7.7 105 57.1
2.1-4.0 2.1 2.0 39 6.4 10.5 74.5
4.1-6.0 1.3 0.7 20 39 74 84.7
6.1-10.0 0.0 0.1 0.7 1.8 34 93.9
> 100 0.0 0.0 0.0 0.2 0.6 99.1

TABLE 6. Percent Occurrence Frequency of fog (stratified by visibliity category) as a function of

time.
FOG (Vislbillty Category in Meters)
HOUR(Z) < 800 801-1,600 1,601-3,200  3,200-5000 =5,000 NO FOG
23-01 1.8 0.3 0.5 0.8 25 942
02-04 2.1 04 0.6 1.1 32 92.5
05-07 23 0.7 14 2.9 5.9 86.3
08-10 3.0 1.3 2.5 35 4.6 85.1
11-13 14 0.8 1.6 22 2.6 914
14-16 0.8 04 09 14 1.2 954
17-19 1.1 0.5 0.8 1.0 1.5 95.1
2022 1.6 03 04 0.8 1.8 952




3. THE FORECAST MODEL
3.1 Discriminant Analysis

3.1.1 Introduction. Discumman analysis is a statistival thnique that classifies individual obsenations into
groups. For a fog forecast modcl, the groups are either YES o1 NO for fog oweurrence for four visibility thresholds
and four time periods. Sixteen scparate models were developed for this study.

3.1.2 Baslc Concept. To illustrate the basic principles y
of discriminant analysis, consider a simple forecast mode! Z
consisting of two predictors (X, and X,). On a conventional

Cartesian plot (shown (o the right), 2 closed circle would be
plotted for the observed value at each of the predictors when
fog is not subsequently obscrved at the verification hour: an
open circle would be plotted when fog is observed. After alf
the data is plotted, a linc that best separatcs the two
categorics is drawn.  This line, referred 10 as the
"discriminant,” scrves as the basic forccast model.
Subscquent obscrvations of X, and X, would then be plotted

to obtain a forecast. A forecast of "fog” or "no fog™ is based
upon which side of the discriminant the point lies. X 1

3.1.3 Muitivariate Analys’s. In praclice, these is no reason to limit the number of predictors to two, but using
more would make the plot multi-dimensicnal and impussible to visualize conceptually. Using morc thar two
predictors, huwever, poses no problem to a computer. To evaluate on which side of the discriminant a point lics, a
mathemaucal function known as a “discriminant funution” is used. This function returns a value between 0 and I,
the numbers relaung to the distance the point lies from the discriminant. Values greater than 0.50 indicate a forecast
of “fog,” while valucs of less than 0.50 forevast "no fog.” Points farther from the discriminant are associated with
disciminant function valucs approaching cither zcto or one, indicating greater confidence in the subsequent forecast.
Points cluser o the discriminant are associated with discriminant function values of about 0.50 and have a farge
degree of uncertainty. To finst order, the values retumned from the discriminant function can be interpreted as an
cstimate of the probability of fog occurring; that is, a value of (.65 represents about a 65% chance of fog.

3.1.4 Model Predictors. To scleut which saniables w usc as predictors in the discriminant analysis, a technique
Anown as “sicpwise sclection” was used. Initially, over 50 proposed variables were considercd by cach model;
these included the Baragas 850-mb wind direction and speed, 85C-mb temperature and dew point depression, a fiag
ndicaung whether ur not an inversiun was present, the suength of the inversion, and the inversion height. Potential
surface predictors included temperature, dew puint, dew point depression, wind speed, sea-level pressure, and the
houi. The sicpwise sclection process analyzed all potential predictors and identified the best. None of the upper air
variables were selecied. In fact, only seven predictors were scleted for all 16 models, these predictors were:  time
thoury, dew-point depression, sca-level pressure, dry -bulb temperature, ceiling, and wind speed/direction. To avoid
an abrupt jump between 23 and 00Z, the model computed the cosine and sine of the "hour angle™ (defined as
hout-23/300" + 360°) insicad of the actual hour. Various forms of these predictors appear in the model cquations
Table 7 lists the variables sclected for each model.




Table 7. Predictors used In discriminant analysis models. The following predictors were used by all
modcls. temperature, dew -puint depresswn, sza-level pressure, and cument visibility. An "X” in the chan indicates
that the variable was used in the conresponding modcl.  Abbreviatons used in the ble are THRESH Visibility
Threshold, HR -Time of forecast (e.g., 3" is a 3- hour forceast), WD- wind direction (degrees), WS--wind speed,
COS(WD)--cosinc of the wind dircution, SIN(WD)- sinc of the wind direction, COS(HH)- cosine of the hour angle,
SIN{HH)--sinc of the hour angle; CIG--ceiling.

THRESH HR VD WS COS(WD} SIN(WD) COS(HH) SIN(HH) CIG
800 3 X X X
6 X X X
12 X X X
24 X X X
1600 3 X X X X
6 X X X
12 XX X X X X
24 X X X X
3200 3 X X x X X
6 X X X X
12 X X X X
24 X XX X X
5000 3 X XX X X
6 X X X X
12 XX X X X
24 X X X X X

3.1.5 Discriminant Function. The discriminant funutions were computed only from 1973 1988 data.  Daa
fium 1389 1990 was then used to independently cvaluate the skill in the model. The computations invohved for cach
wi these andividual models are cumplea, but an cxample of caluulating the probability of fog with visibility Iess than
or cquat to 3200 meters, 6 hours from now, follows:

First. compute the valuc of the two cacfficicnts A, A, and , B,, B,

Ay =-1567-2.23*DD + 147*SLP + 17.98*sin(\WD) + 3.36*T

A, = (8.86 x 10¥)*CIG + 1.71*sin(HH) + 1.48*WS + (5.64 x 10%)*VSBY

B, =-7551-2.33*DD + 1.48*SL? + 18.64*sin(\WD) + 3.29°T

B, = (8.84 x 10%)*CIG + 1.32*sin(HH) + 1.46*WS + (5.23 x 10%)*VSBY
where

DD = dew-pointdepression (°F)

SLP = sca-level pressure (millibars)

T = temperawre (°F)




CIG = ceiling height (feet AGL--60,000 used for no ceiling)
HH = current hour angle
‘WS = wind speed (knots)
WD = wind direction
VSBY = visibility (meters)
Nex, the coefficients A and B are determined using:
A=A+ A
B=B,+B,
The probability of fcg (P) is then determined from:
P= [exp(A-B)+ 17"
Sixteen sets of equations are required. This type of model is only practical when used with a computer. The

customer was provided with a computer program with which to compute fog probability.

3.1.6 Seit-Consistency of the Model. Various methods were attempted in determining the terms of the
numerical values in the above equations. The best skill scores were obtained when the discriminant calculation was
performed on the entire population. As a resull, each equation is independent of the others This could lead to
inconsistent results, such as the probability of fog with a visibility less than 1,600 meters being 0.3, while the same
probability for a visibility of less then 800 meters was 0.5. These results, of course, conflict. Since the models for
higher visibilitics have higher skill scores than those for lower visibilities, we adjusted the probabilities for the lower
visibility categories so that they cannot exceed the probability for any higher category. In this example, our model
would provide a value of 0.3 for both the 800-meter and the 1,600-meter threshold. In this sense, the model is
sclf-consistent.




3.2 Model Evaluation

3.2.1 Heldke Skiil Score. The Heidke skill score (HSS) is used as defined in AWS/TR-235, pp. 43-47. The
HSS, which ranges from 0 to 1, measures the accuracy of a given forecast over climatological chance; an HSS of 1
indicates perfect skill, while zero indicates no skill. USAFETAC’s experience is that the HSS threshold for
identifying skillful forecast models is about 0.4, but this choice is arbitrary. A better way to evaluate an HSS is to

comparc it with one produced from an alternative technique, such as a model based on persistence. HSSs obtained
with the discriminant analysis model are given in Table 8a.

Table 8a. Heldke skill scores of the discriminant analysis model.

TIME PERIOD
VISIBILITY THRESHOLD ~ 3hr 6hr 12hr  24hr
800 meters 029 022 018 0.11
1,600 meters 039 032 026 020
3,200 meters 057 045 037 030
5,000 meters 069 061 044 036

3.2.2 Persistence Model. A simple model based solely on persistence was also developed and tested on the
1989-1990 dataset. Table 8b gives Heidke skill scores for the 16 categories. Note that they are fairly high,

cspecially in the short term. This suggests that any model will have difficulty forecasting with greater skill than
persistence alone.

Table 8b. Heidke skill scores of the persistence model.

TIME FERIOD
VISIBILITY THRESHOLD ~ 3hr 6hr 12hr 24hr
800 meters 054 038 017 0.28
1,600 mcters 062 045 0.25 0.30
3,200 meters 070 056 043 0.44
5,000 meters 077 066 056 0.53

3.3 Model Comparisons

3.3.1 Heldke Skill Scores. Comparison of the HSS statistics in Tables 8a and 8b clearly show that the

discriminant analysis model, used by itself, does not perform better than persistence aloae. For 3-hour forecasts,
persistence is clearly the better model.

3.3.2 Discusslon. Failure of the discriminant analysis model to outperform persistence is a reflection of the
persistence model’s very high skill scores. With this being the case, it is reccommended that operational forecasts not
be bascd solely on the results of the discriminant analysis model. This model provides forecasters an estimate of the
probability of fog for each visibility threshold, however, and those probability estimates should be considered in the
overall forecast de.ision process. With time, further consideration of subjective factors (such as the synoptic
situation or weather «i stations upstream) may result in improved forecasts. It will still be difficult, however, for any
technique to beat the high skill scores obtained for a 3-hour forecast by persistence.




4. SUMMARY AND CONCLUS!ONS

4.1 Summary. Fog can oceur at Zaragoza AB any time of year, but it is most {requent from November through
February. Episodes of densc fog can be lengthy, median duration of fog with visibility less than 800 metcrs is
8 hours, and episodes exceeding 24 hours ate not unheard of. There is a correlation between fog occurrence and
scveral meteorological variables. USAFETAC/DNY developed a model that uses multivariate discriminant analysis
to cstimate fog probability;, probabilitites for 3, 6-, 12-, and 24-hour intervals for four visibility thresholds: 80C,
1,600, 3,200, and 5,000 meters were provided. The Heidke skill score was used to evaluate the model; it showed
considerable skill but was unablc 1o outperform forecasts based on persistence. As a general rule, the higher the
visibility threshold and the shorter the time period, the better the model forecast.

4.2 Conclusions. The USAFETAC-developed model should not be the sole input into an operational fog
forccast. The probabilities, however, should be incorporated into a forecaster’s decision-making process. Addition

of certain subjective factors, such as the current synuplic situation, may result in forecasts that improve on
persistence.




GLOSSARY

AGL above ground level ‘

CIG ceiling height (fcet)

DD dew-point depression (F)

HH current hour angle

HR current hour (Z)

HSS Heidke skill score

SLP sca-level pressure (mb)

T temperature (F) .
THRESH visibility threshold (meters)

VSBY visibility (meters)

WD wind direction (degrees) .
WS wind speed (knots)
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